This study sought to examine the long-term behavioral impacts of dopamine D 1 and D 2 receptor antagonism during development in zebrafish (Danio rerio). Zebrafish embryos of both the AB* and 5D strains were exposed via immersion to either the D 1 receptor antagonist SCH-23,390 or the D 2 receptor antagonist haloperidol, at either 0.5 or 1.5-μM, from 5 h post-fertilization to 5 days post-fertilization. Aquarium water served as a control. Fish were then either tested as larvae on day 6 post-fertilization on a light/dark locomotor assay, or were grown to adulthood and tested on a behavioral battery that included assays for novel environment exploration, startle habituation, social affiliation, and predator escape (AB* strain only). Overall, developmental exposure to dopamine D 1 and D 2 receptor antagonists caused clear effects in larval locomotor behavior, driving hyperactivity in dark phases and hypoactivity in light phases. Additionally, control fish from the two strains were significantly different from each other (p < 0.05) with the AB* fish being more active than SD during the dark periods of the test. In the adult behavioral battery, developmental exposure to 1.5-μM of the D 1 antagonist SCH-23390 significantly reduced activity (p < 0.05) in the predator escape assay. Despite the fact that embryonic exposure to D 1 and D 2 receptor antagonists caused clear behavioral alterations in larval activity there were much more subtle effects persisting into adulthood.
Introduction
Dopamine signaling is known to be integral to normal neurobehavioral development [1] [2] [3] . In rats, blocking D 2 receptors with the drug haloperidol during development leads to reductions in brain weight [4] and increased dopamine receptor binding throughout the lifespan [5] . Behaviorally, postnatal exposure to haloperidol in mice leads to hyperactivity [6] , while prenatal exposure in rodents produces a decrease in normal circling behavior in the offspring, a deficit that can be corrected with later acute administration with the same drug [7] . Additionally, rats dosed developmentally with the D 2/3 receptor agonist quinpirole exhibited reductions in spatial learning later in life [8] . Similarly, prairie vole pups exposed to the D 1 receptor agonist SKF-38393 (though not to a D 1 antagonist or D 2 agonist or antagonist) during development showed reduced pair-bonding as adults, without altering D 1 or D 2 receptor binding [9] . The later behavioral effects of developmental exposure to haloperidol may be clearest when the exposure occurs during critical periods of striatal development [10] and although the mechanisms driving these lasting behavioral effects of developmental dopamine receptor modulation remain largely unknown, it has been shown that exposure to haloperidol in critical stages of development alters the formation and structure of dendrites in multiple brain regions in mice [11] .
The use of zebrafish to study various facets of neurodevelopment, including the role of dopamine receptors, is a rapidly expanding field. The components of the dopaminergic system of zebrafish are largely conserved compared to other vertebrates, including homologs of both D 1 -and D 2 -receptor subtypes [12] . Structurally, zebrafish do lack a midbrain population of dopamine neurons, but instead possess a large grouping of them in the telencephalon, although whether this population is analogous to the midbrain population in mammals is still unclear [12] . A number of studies have examined the effects of specific dopamine receptor agonism and antagonism on behavior in zebrafish. Zebrafish larvae dosed acutely with D 1 and D 2 antagonists display marked hypoactivity [13, 14] while agonism of either receptor subtype produces hyperactivity [14] . In adults, acute dosing with dopamine receptor antagonists improved spatial learning and memory, while fish dosed with dopamine receptor agonists showed impaired performance [15] . Dopamine D4 receptors have been found to play a key role in the signaling necessary for the ontogeny of locomotion [16] . However, the https://doi.org/10.1016/j.bbr.2018.08.028 Received 12 July 2016; Received in revised form 28 August 2018; Accepted 29 August 2018 question of long-term consequences of the developmental antagonism of specific dopamine receptors in zebrafish is a relatively unexplored one. One previous study in our lab exposed zebrafish during the first five days post-fertilization to the dopamine reuptake inhibitor methylphenidate, and found persistent changes in exploratory behavior and spatial discrimination accuracy [17] , suggesting that the zebrafish model is sensitive to the neurobehavioral effects following alterations in dopamine signaling during development.
A full characterization of the neurobehavioral consequences following the interruption of dopamine signaling during development in zebrafish will likely be important for the elucidation of the effects of various compounds in zebrafish assays for developmental neurotoxicity. As zebrafish continue to be developed as screens for neuropharmacology and neurotoxicology, knowledge of the effects of dopamine system antagonism during development on zebrafish behavior across the lifespan will be critical. To that end, this study sought to characterize the behavioral effects across the lifespan following developmental exposures to dopaminergic antagonist. Zebrafish of the AB* strain were exposed to either the D 1 receptor antagonist SCH-23390 or the D 2 receptor antagonist haloperidol were exposed for the first 5 days post-fertilization, and were subsequently tested on a battery of behavioral assays across both larval and adult life stages. Subsequently, we repeated these exposures and the larval behavioral assay with zebrafish of another strain, 5D, in order to begin evaluating whether different strains of zebrafish may react differentially to developmental disruption of dopaminergic systems.
Methods

Animal housing and husbandry
Zebrafish (AB* strain) were bred from a colony originating with progenitors obtained from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA). Zebrafish of the 5D strain were bred from a colony originating from Oregon State University. Breeding tanks of N = 12-15 were maintained with a male to female ratio of 2:1. Eggs were collected via in-tank inserts approximately 1-2 h after the lightson phase of a 14:10 h light:dark cycle. Eggs from approximately 6 such tanks were combined and rinsed with 10,000x diluted solution of bleach for 1 min, followed by 3 likewise rinses in fresh aquarium water. Eggs were inspected under a dissection microscope and unfertilized or otherwise abnormal eggs were discarded. Approximately 5-h post-fertilization, eggs (N = 50) in two exposure replicates were randomly distributed into glass Petri dishes corresponding to differing exposures, and placed in an incubator held at 29°C and illuminated with an identical 14:10 light cycle until 6 days post-fertilization.
Fish aged 6 days post-fertilization and older were housed in 3 L tanks on a circulating aquarium rack system (Aquatic Habitats/Pentair Aquatic Eco-Systems, Apopka, FL, USA). Aquarium water was made from a mixture of sea salt (Instant Ocean, 0.5 parts per thousand) and buffer (Seachem Neutral Regulator, 2.5-g/L H 2 O) dissolved in de-ionized water, and was maintained at 26°C. Water chemistry, salinity, and temperature were monitored biweekly. Fish were fed twice per day: a suspension of 24-hour-old brine shrimp raised in-house (origin Brine Shrimp Direct, Ogden, UT, USA) in the morning, and solid food (TetraMin Tropical Flakes, Blacksburg, VA, USA) in the evening. Younger fish (until 3-4 weeks post-fertilization) were supplemented with smaller-particle solid food (Brine Shrimp Direct Golden Pearl). All adult behavioral testing was conducted between 11:00 AM (2-h post lights-on) and 6:00 PM, with testing time counterbalanced across experimental groups. On days of behavioral testing the evening feeding was withheld until testing was complete. All larval testing was run between 3:00 P.M. and 5:00 P.M.
Larval motility assay
At 5 h post-fertilization, zebrafish eggs of both AB* and 5D strains were placed into 96-well plates with meshed plastic inserts in 0.5-ml of solutions of SCH-23390 (Sigma-Aldrich, St. Louis, MO, USA) or haloperidol (Abbott Labs, Abbott Park, Il, USA) at either 0.5 or 1.5μM. These concentrations were based on the results of pilot studies to be subthreshold for causing increased lethality and morphological deformities. Aquarium water served as control, and all solutions were renewed every 24 h, through 5 days post-fertilization. These solutions were renewed every 24 h, through 5 days post-fertilization. Hatched larvae were then placed into fresh aquarium water for 24 h, at which point they were examined under a dissecting microscope. Larvae exhibiting arrested development or malformations were discarded. Exposure conditions were all represented within each plate and across multiple plates. Plates were then returned to the incubator for an hour before being placed into a DanioVision™ lightbox running EthoVision XT ® tracking software (Noldus, Wageningen, The Netherlands). After an initial 10-min acclimation period in the dark (0% illumination), locomotor activity was tracked during a paradigm composed of 2 cycles of 10-min at 100% illumination (5,000 lx) and 10-min at 0% illumination. An infrared camera tracked larval locomotion across the 40-min trial. EthoVision XT ® was used to calculate the average distance moved in cm per minute for each subject.
Adult behavioral test battery
Zebrafish eggs of the AB* strain were dosed as in the larval motility assay described above, with the exception that the eggs were placed into 40 ml of solution in glass petri dishes instead of 96-well plates. 6-day-old larvae distinct from those used in the larval motility assay were transferred to the aquarium rack systems and allowed to age normally to 12 weeks of age (N = 16-23 per exposure condition over two exposure replicates). Over approximately the following two weeks, the adult fish were run through a series of behavioral tests assessing various behavioral and cognitive functions.
Adult novel tank diving test
Adult fish were assessed for novel environment exploration in a test described previously [18, 19] . Briefly, fish were placed into 1.5 L tanks filled 10-cm high with aquarium water. A camcorder feeding into EthoVision XT ® software was used to track the position of the fish across a 5-min trial, and to calculate both the average distance moved in cm per minute and the average distance from the floor of the tank in cm per min of the test.
Adult sensorimotor startle response habituation
Habituation to a startling stimulus was tested in adult fish via a protocol used previously [19] [20] [21] . Adult fish were placed into 40-ml of water in one of 8 translucent plastic cups (5.7-cm in diameter) arranged in a 4 × 2 array. Below each cup was a centrally located push solenoid that could be controlled to deliver a sudden tap to the bottom of the cup. A camcorder positioned above the cups was used to record the locomotion of the fish in all 8 cups at once. Following a 5-min acclimation period after the fish were placed in the cups, 10 taps were delivered once per minute over 10 min. EthoVision XT ® software was used to control the solenoids and to calculate the average distance moved in cm during the 5 s preceding and following each of the 10 taps.
Adult social affiliation
The third test in the behavioral battery, an assessment of social affiliation, utilized a type of behavioral response called shoaling, in which a zebrafish will interact with a group of conspecific fish (a shoal) as described previously [19] . Adult fish were singly isolated in 1.5-L tanks surrounded by opaque dividers for 1 h. After the hour they were placed in a large transparent rectangular tank 45-cm long by 13-cm wide by 12.5-cm deep. On both ends of the tank was positioned a computer monitor for stimulus display. The fish was recorded using a digital video recorder placed above the tank. During the first minute of the 6-minute test, each monitor screen displayed a background of static ovals approximately the size of an adult zebrafish and displaying the pattern and colors of a typical zebrafish. At the end of the first minute, one of the two monitors began to display a video recording of a zebrafish shoal for the remaining 5 min. The side of the tank displaying the shoal video was counterbalanced among exposure groups. EthoVision XT ® was used to control the two displays, to record the locomotion of the fish, and to calculate both the average distance traveled in cm per minute and the average distance from the tank wall through which the shoal video was visible in cm for each subject across the 6 min of the test.
Adult predator stimulus escape
The final test involved an assessment of escape and avoidance behavior following exposure to a predator-like stimulus. Adult fish were placed in a 1.5 L tank facing a computer monitor. The 5-min test involved an initial minute of acclimation, followed by 2 rounds of a cycle including a 1-min presentation of a small (1.3-cm diameter) circle appearing in the center of the screen, growing to 30.5 cm in diameter, disappearing, and repeating, to simulate a larger fish swimming towards the tank, followed by 1 min of a blank screen. The test was performed first with a blue dot that grew slowly (4-s), and again several days later with a red dot that grew quickly (1-s). A camcorder positioned above the tank tracked the fish. EthoVision XT ® was used to control the display, to record the fish's activity, and to calculate both the average distance traveled in cm per minute and the average distance from the tank wall through which the screen was visible in cm for each subject over the 5-min [19] .
Statistical analysis
The dependent measures corresponding to each assessment are described above. All statistical analyses were performed with SuperANOVA/Statview (SAS, Cary, NC, USA). Type 1 error rate (α) was set at 0.05 for all tests. A mixed design repeated measures of analysis (RMANOVA) with antagonist exposure and dose as the between subject factor and tap number, session minute, or time condition as the repeated measures was used for all behavioral tests. Fisher's least significant difference was used for all post-hoc analyses. A Huynh-Feldt adjustment was used to control for possible deviations from sphericity. Log transformations of the raw data were performed (as noted) when the distribution of the data was positively or negatively skewed.
Interactions p < 0.10 were followed by tests of simple main effects as recommended by Snedecor and Cochran [22] . In final analyses p < 0.05 (two-tailed) was always set as threshold for statistical significance.
Results
Embryonic survival
Viability and survival of embryos was tracked daily during the dosing period of the first 5 days post-fertilization. The majority of dead or nonviable eggs were identified within the first 24-h after plating and were likely due to misidentification of fertilized or healthy eggs at the time of egg selection plating at 5 hpf. These eggs regularly accounted for approximately 30% of the eggs plated and death across the remainder of the exposure window was negligible. At 6 days post-fertilization, the hatched larvae were examined for physical malformations under a dissecting scope. Abnormal spinal curvature or edema of the pericardium or yolk sac qualified an embryo for exclusion from all further testing. Preliminary experiments had identified threshold doses producing these malformations, and the exposure doses and conditions selected for this study did not produce significant increases in physical abnormalities.
Larval motility assay
Both the AB* and 5D strains of zebrafish were tested in the lightdark larval motility assay. The main effect of the repeated measure of lighting condition (F(1,266) = 995.75 p < 0.001) on locomotor activity was significant. Effects of the between subjects factors of zebrafish strain (F(1,266) = 4.60, p < 0.05), and drug treatment (F (4,266) = 11.30, p < 0.001) on locomotor activity were all observed as well. Additionally, there were significant interactions between lighting condition x zebrafish strain (F(1,266) = 44.88, p < 0.001) and zebrafish strain x drug treatment (F(4,266) = 3.70, p < 0.01), also there was an interaction of lighting condition x drug treatment (F(4, 266) = 2.36, p = 0.054) that prompted separate analysis of drug effects in each strain (Fig. 1) . In the light phase, the simple main effect of drug treatment showed that zebrafish exposed to both doses of SCH-23390 were significantly hypoactive compared to control larvae (p < 0.05). A significant interaction of zebrafish strain x drug treatment within the dark phase (F(4,266) = 5.07, p < 0.001) prompted analyses of the simple main effects of treatment within each strain. In the AB* strain fish the 1.5-μM dose of SCH-23390 significantly reduced activity in the dark phase, that treatment had no significant effect in fish of the 5D strain. Instead, fish exposed to the other three treatment conditions (0.5 and 1.5-μM haloperidol and 0.5-μM SCH-23390) had significantly increased activity in the dark condition (Fig. 1A and B) . Finally, post-hoc analyses of a significant main effect of strain on activity of control fish in the dark phase (F(1,76) = 48.83, p < 0.001) revealed that control fish of the AB* strain swam significantly more in the dark compared to fish of the 5D strain (p < 0.05) (Fig. 2) .
Adult novel tank diving test
The zebrafish of the AB* strain were also tested in the adult behavioral test battery. In the novel tank diving test, there were significant main effects of minute of the test with both the distance from the bottom of the tank (F(4,452) = 31.28, p < 0.001) (Fig. 3A) and on total locomotor activity (F(4,452) = 58.43, p < 0.001) (Fig. 3B ). There were no significant main effects of treatment, although an interaction of treatment and minute on distance from the bottom of the testing tank (F(16,452) = 1.537, p = 0.08) prompted follow up analyses examining the linear trends of the dive response over time. However, there were no significant effects of treatment on the linear trend across the testing time.
Adult sensorimotor startle response and habituation
Data from the startle habituation task were log transformed prior to analysis to reduce skewedness. The ten startle stimuli were averaged into five blocks of two for statistical analysis. Presentation of the tap stimulus produced a significant main effect of activity pre-vs. post-tap on locomotor activity (F(1,113) = 165.17, p < 0.001), with the fish moving significantly more in the 5 s following the tap stimuli compared to the 5 s preceding the stimulus. The block number of sequential taps was also significant (F(4,452) = 4.97, p < 0.001), with activity decreasing over time. A significant interaction of swimming activity prevs. post stimulus presentation by block number was also observed (F (4,452) = 12.92, p < 0.001). Drug treatment produced no significant effects on the tap startle test (Fig. 4) .
Adult social affiliation
In the social affiliation test the two measures taken were average distance from the screen with the shoaling stimulus and swimming speed (cm/min). No drug treatment effects were observed in either the distance to shoal (Fig. 5A) or swimming speed (Fig. 5B ). There was a significant main effect of time on locomotor activity in the social affiliation task (F(4,388) = 15.07, p < 0.001), with swimming speed increasing as the session progressed (Fig. 5B ).
Adult predator stimulus escape
In the predator escape paradigm, two measures were taken, average distance from the visual stimulus screen and swimming speed (cm/sec). the distance of the fish from the tank wall through which the computer screen was visible was significantly increased during the minutes consisting of the presentation of either the red or blue stimulus, compared to those during which the control image was displayed (F (1,166) = 266.02, p < 0.001). Stimulus presentation also significantly increased locomotor activity (F(1,166) = 39.44, p < 0.001). A significant main effect of drug treatment was seen with locomotor activity (F(4,166) = 4.28, p < 0.005). Fish exposed to the 1.5-μM dose of SCH-23,390 moved significantly less over the course of the test compared to controls (p < 0.05) (Fig. 6 ).
Discussion
Here, we show that early developmental antagonism of dopamine receptors can alter zebrafish behavior during the larval stage immediately following exposure and persisting into adult life stages. In the larval locomotor test, developmental exposure to the antagonists generally produced hyperactivity in the dark phase and hypoactivity in the light. Furthermore, the reduction of activity in the light phase appeared more sensitive to developmental exposure to the D 1 receptor antagonist, SCH-23390, while the larvae exposed to the D 2 receptor antagonist haloperidol showed clearer hyperactivity in the dark. The dopamine antagonists drove differential effects across the two strains tested, AB* and 5D, partially due to a large difference in activity in the dark in the control fish of each strain, with the patterns observed in the dark with both strains combined being drive almost entirely by effects seen in the 5D strain alone. In adult fish, developmental exposure to the dopamine antagonists decreased locomotor activity in the predator escape testing paradigm, with fish exposed to the highest dose of SCH-23390 showing the most significant reduction. Conversely, developmental exposure to either antagonist had no effect on adult behavior in the novel environment exploration, startle habituation, and the social affiliation tests. In this study, developmental exposure to selective dopamine receptor antagonists appeared to drive more marked behavioral changes in larval fish than compared to adults. This may reflect a specificity in the behavioral domains impacted via developmental dopamine antagonism. The behavior in adult zebrafish most significantly affected by the exposures was in the predator escape assay, where treated fish displayed reduced locomotion across the duration of the test. Of all the adult behavioral assays, the predator escape test also most closely resembles the larval locomotor assay -a measure of locomotor response across intermittent presentation of a visual stimulus (changing light conditions with larval fish, and the growing dot representing a predator in adults). Notably, it was the AB* larvae exposed to the 1.5μM dose of SCH-23390 that exhibited a significant decrease in activity in the dark, while larvae of both strains appeared equally susceptible to the effects of either SCH-23390 dose in the light. Later, in AB* adults, fish exposed to the same higher dose of the D 1 receptor antagonist showed a significant decrease in swimming activity in the predator escape assay. The conserved drug-and dose-sensitivity across the larval locomotor and adult predator avoidance assays further supports the possibility of the predator escape assay being the closest to the larval test in the adult battery. In this way, it may be that the other adult behavioral domains were unaffected because the lasting neurobiological changes following the administration of the antagonists were specific for this type of locomotor response to visual stimuli, leaving exploratory or social behavior intact, for example. The startle habituation test, while consisting of locomotor responses to repeated stimuli, involves a different modality of stimulus presentation.
Another possible explanation for the relatively prominent behavioral effects seen in larval fish as opposed to adults, one not mutually exclusive with the discussion of behavioral domains above, is that the developmental exposure paradigm used in this study across the first five days post-fertilization, created a state of acute adaptation in the dopaminergic systems of the developing larvae. This may be supported by the fact that the trends seen here, of activity increasing in the dark and decreasing in the light, is the opposite of what has been observed following acute administration with these compounds [14] , suggesting that the dopaminergic system compensated via upregulation for the chronic receptor antagonism across the first five days post-fertilization which, in turn, may have resulted in lingering abnormal behavior indicative of increased dopaminergic activity 24 h later when the larvae were tested in the locomotor assay. This effect would not be unlike the withdrawal seen after regular use of psychoactive drugs. Note that this hypothesis does not preclude lasting developmental changes in the zebrafish brain; it is certainly possible that the behavioral effects were clearer in larvae due to the still-present "withdrawal" from the antagonists, and that simultaneously the antagonism (or the adaptive response to the antagonism, or both) were creating long-lasting developmental abnormalities that drove the subtler and more selective effects seen in adults.
There Evaluating whether developmental antagonism of dopamine receptors creates lasting dysfunction in dopaminergic systems also requires additional testing on behavioral dimensions not tested in the current study. For example, spatial learning and discrimination has been shown to be impacted by acute dopamine agonism and antagonism [15] , and performance on a spatial learning task has been shown to correlate with DOPAC levels [23] . Alternatively, conditioned place preference, a behavioral assay long associated with dopaminergic reward pathways, has been shown to be similarly sensitive to modulation of dopamine signaling in zebrafish [24] . It is possible that other neurotransmitter systems may be impacted and driving any lasting behavioral effects, as acute dopaminergic antagonism in adult zebrafish decreases the levels of not only dopamine and its metabolite DOPAC, but also serotonin and its metabolite 5HIAA [25] . This might help explain why previous research has shown social affiliation in adult zebrafish to be sensitive to acute dopamine receptor antagonism [26] but no deficits in shoaling behavior were seen in the current study following developmental exposure.
It is important to remember that all drugs have diverse effects, SCH-23,390 and haloperidol included. receptors. SCH-23390 and haloperidol also have actions at non-dopaminergic receptors. SCH-23390 acts at serotonin 1c receptors [27] and haloperidol acts at α1 adrenergic receptors [28] .
Finally, the findings in this study from the larval locomotor assay contribute to a growing literature regarding neurobehavioral differences between zebrafish strains. As seen here, baseline behavioral responses were found to vary among zebrafish strains in tests of locomotor behavior [29] [30] [31] [32] , inhibitory avoidance behavior [33] , and social affiliation [34] . Additionally, strains were found to react differentially to acute administration of dopamine receptor antagonists [26] , to have different levels of dopamine and DOPAC [34, 35] , and to differentially express the genes for the D 1 dopamine receptor [35] . These differences between strains may help explain the differences in control larval behavior and the differential responses to dopamine antagonist exposure seen between the AB* and 5D strains observed in this study. Interestingly, the larvae of the AB* strain appeared sensitive to the effects of developmental exposure to SCH-23390 alone, with no significant effects of developmental dosing with haloperidol observed. In the 5D strain, both drugs produced significant effects in the dark phases, with fish exposed to haloperidol showing an even greater effect than seen with SCH-23390. Interestingly, in these 5D larvae we observed greater effects in the dark phases with larvae exposed to the lower dose of SCH-23390, suggesting a differential sensitivity to D 1 receptor antagonism in the 5D strain compared to the AB strain. It might be that an increased sensitivity in the 5D strain manifested as a greater compensatory response than produced in the AB* strain in the case of the lower dose of SCH-23390, whereas this increased sensitivity then began to induce enough dysfunction that a decrease in locomotion (compared to the lower dose) was seen at the higher dose, bringing the activity level back down to a level similar to control fish. Future studies seeking to elaborate on the differential responses by strain seen here should seek to characterize a broader dose-response curve to elaborate on this apparent non-monotonic dose effect. Additionally, this suggests that establishing whether developmental antagonism of dopamine receptors in the 5D strain could lead to behavioral effects in adult zebrafish would be an important follow-up to this study.
We have found that administration of selective dopamine receptor antagonists during embryonic development alters later behavior in zebrafish. This study suggests that zebrafish can be a sensitive screen for developmental neurobehavioral toxicity associated with pharmaceuticals, drugs of abuse, and environmental toxicants that are suspected to impact dopaminergic systems. In particular, dopamine D 1 and D 2 systems appear to play important roles in brain development, inasmuch as antagonist treatment during development cause both short and long-term behavioral effects. These results imply that other drugs and chemicals that disrupt dopamine systems could have persisting behavioral effects as well. Our findings also show the importance of broad-based behavioral testing, as teratology might frequently be behavior-specific and may be missed when only testing one or two behavioral domains. Finally, because of behavioral and neurochemical differences among zebrafish strains, more comprehensive strain characterizations will be integral to ensuring replicable and translatable studies in zebrafish.
